Introduction
============

Infertility affects 15% of couples and male factor is associated with almost half of them. About 50% of male infertility etiologies are unknown. In spite of so many studies on male infertility treatments and diagnosis, there are a lot of questions that need to be addressed ([@B1]--[@B3]). Male infertility is regarded to be a complex disease with its root in genomic, transcriptomic, proteomic and metabolomic areas. The origins of male infertility are not well known, such as asthenozoospermia teratozoospermia, or non-obstructive azoospermia. Furthermore, there are patients with normal semen parameters which are called idiopathic infertile men. The techniques which are used to diagnose the male infertility are mainly macroscopic tests rather than microscopic ones ([@B4]). Bio-markers (Biological markers) have different definitions. Broadly, biomarkers are defined as a biological measure of a biological state. In particular, a mutual agreement between the International Program on Chemical Safety, led by the World Health Organization (WHO) in coordination with the United Nations and the International Labor Organization, has defined a biomarker as "any substance, structure, or process that can be measured in the body or its products and assists to predict the incidence probability of outcome or disease" ([@B5]).

The recent advances in the use of high-throughput techniques such as genomics, transcriptomics, proteomics and metabolomics give hope to infertile men for a better diagnosis and treatment. State-of-the-art metabolomics technology is becoming a key tool to understand and diagnose the male infertility. Metabolomics as a latest high-throughput technology promises rapid development toward real applications in biomarker identification and diagnosis ([@B3]). Searching the Google scholar, PubMed and Scopus databases by combining the terms metabolomics and male infertility apparently shows a few related studies. Almost 15 documents can be found in these databases. In this review, the related metabolomics definitions and the handful of studies that have been done in male infertility have been outlined.

Metabolomics associated definition:
-----------------------------------

Metabolomics is the study of cells, tissues or biological fluids by evaluating their metabolites as many as possible. Metabolites are the final products of cellular processes and can be considered as the last reactions to biological arrangements of ecological alterations. The sequences of metabolites created by a biological organization comprise their "metabolome" ([@B6], [@B7]).

The assessment of metabolite level according to its regulatory outcomes as a part of biochemical pathway and based on its application as a diagnostic marker for a variety of diseases has been reported to be crucial. Over the past 20 years, since the first term of the metabolome has been defined, different terms associated with metabolite quantification and quality measurement have been further recommended that include metabolome mapping, metabolic fingerprinting, metabolic profiling, metabolic footprinting, metabolic target analysis to untargeted metabolic profiling, metabonomics and exometabolomics ([@B3], [@B8]).

The typical instruments applied in the metabolomics studies are optical and non-optical spectroscopies including Raman spectroscopy, liquid-chromatography mass spectrometry (LC-MS), gas-chromatography mass-spectrometry (GC-MS), and nuclear magnetic resonance (NMR) spectroscopy. The instrument selection is directly dependent on the type of the metabolomics study ([@B3]).

Metabolomic biomarkers and male infertility:
--------------------------------------------

In the current review, an attempt was made to solely focus on the metabolomics study involving the male infertility. All the articles from PubMed, Scopus and Google scholar databases were retrieved by searching the keywords: "metabolomics", "metabonomics", "metabolomic profiling", "metabolomics fingerprinting" and "metabolome" combining with male infertility.

Human seminal plasma is considered as an important source to study male infertility for a long period of time. One of the earliest studies that used human seminal plasma for the identification of biomarker by metabolomics profiling approaches was done by Hamamah et al. using NMR technology. They analyzed four different groups of spermatogenic failure subjects, vasectomised, very severe oligoasthenozoospermia (OAT) and normozoospermic subjects (Control). They clearly demonstrated the changes of glycerylphosphorylcholine, citrate and lactate levels in azoospermia group compared to normal. Additionally, the ratio of citrate: lactate and GPC: lactate was meaningfully different between the control group and spermatogenic failure or vasectomized groups based on their study ([@B9]).

An easy method to analyze human seminal plasma is the metabolomics fingerprinting. Our team apparently showed the efficiency of metabolic fingerprinting for detection of azoospermia changes at the metabolome level ([@B10]).

Da Silva et al. performed an interesting study using the metabolomics profiling of human seminal plasma lipids from the spinal cord injury in infertile patients. They found the lipids that mainly belong to the glycerolipids, glycerophospholipids, prenol lipids, fatty acyls and polyketides are deregulated in these patients ([@B11]).

Jayaraman et al. used the metabolomics profiling of human seminal plasma to analyze the different groups of infertile men compared to fertile with proven fertility. The infertile groups in their study were idiopathic infertile, oligozoospermia, asthenozoospermia, azoospermia and teratozoospermia. They were able to show different metabolite bio-markers that were up-regulated or down-regulated such as arginine, lysine, tyrosine, citrate, fructose and proline ([@B12]). Using metabolomics fingerprinting approaches of human seminal plasma, our group clearly showed the significant changes at the metabolome level in the asthenozoospermia men ([@B13]). In the most recent study, using a non-targeted metabolomics profiling approach based on NMR spectroscopy, human seminal plasma of asthenozoospermia men was investigated. Zhang et al. found 19 metabolites that were deregulated in the asthenozoospermia infertile men. The identified metabolites were involved in up-regulation or down-regulation of some amino acids, changes in lipids metabolism, cholesterol metabolism, phospholipids metabolism, the Krebs cycle, nucleoside metabolism and energy metabolism. The most up-regulated metabolites belonged to oxysterols such as 5α-cholesterol and 7-ketocholesterol in human seminal plasma of asthenozoospermia. These metabolites clearly indicated an imbalance of oxidative stress in asthenozoospermia ([@B14]).

In order to get better understanding of Kidney-Yang deficiency syndrome (KYDS), seminal plasma of infertile males with KYDS was analyzed by an untargeted metabolomics profiling approach. Chen et al. found 41 deregulated metabolites as potential biomarkers. Seven metabolites were associated to five potential metabolic pathways related to the biosynthesis and metabolism of aromatic amino acids, TCA, sphingolipid metabolism. They suggested the metabolites changes may explain the etiology of KYDS-associated with male infertility ([@B15]).

The non-targeted metabolomics profiling approach was used to develop a noninvasive diagnostic technique for detection of spermatogenesis using human seminal plasma of non-obstructive azoospermia patients. In our previous study, 36 metabolites were identified as potential bio-markers. Furthermore, the result shows the testicular sperm extraction (TESE) negative patients have very heterogeneous pattern compared to TESE positive and fertile men ([@B16]). Additionally, by applying metabolic fingerprinting, it was shown that this technique can be developed as a fast diagnostic tool for detection of spermatogenesis from non-obstructive azoospermia using seminal plasma as a biological material ([@B17]).

Most recently, Zhang et al. performed a metabolomic profiling of serum in non-obstructive azoospermia (NOA) patients. They identified 24 potential metabolites involved in cell apoptosis, oxidative stress and energy production. The potential identified metabolites showed several disrupted metabolism pathways in the NOA patients ([@B18]).

Oxidative imbalance has been one of the first observations in the infertile men. It is postulated that the imbalance between reactive oxygen species (ROS) and antioxidant can lead to damage of the human spermatozoa which causes male infertility. One of the earliest metabolomics study on male infertility was based on oxidative stress. An increased level of ROS has been observed in infertile men ([@B19], [@B20]). It was shown that the idiopathic/unexplained infertile men have higher levels of ROS compared to normal fertile men as determined by metabolomics fingerprinting ([@B21]). Therefore, introducing a new parameter for semen analysis based on metabolomics has its potential merits.

Moreover, ROS level was measured using meta-bolomics fingerprinting in the non-obstructive azoospermia TESE positive and TESE negative cases. It was demonstrated that the ROS level was extremely higher in TESE negative compared to TESE positive ([@B17])

Shanlei Qiao et al. performed a metabolomics profiling of unexplained male infertility (UMI) based on GC-MS. They found a variety of amino acids including Tryptophan, Serine, Valine, Phenylalanine, Glycine, Proline, Isoleucine and Threonine which were down-regulated in seminal plasma of UMI. In contrast, they have demonstrated the increased levels of urea and Glutamine in UMI seminal plasma. They also asserted 4-Hydroxyphenylacetic acid as an antioxidant was a key metabolite in differentiating the UMI and controls ([@B22]).

Urinary metabolomics and male infertility:
------------------------------------------

Recently, Zhang et al. did two metabolomics profiling studies using urinary metabolome as a biological source to find potential biomarkers in infertile men. They analyzed the urinary of two groups of infertile men: I) oligozoospermic men; II) normospermic/idiopathic infertile men. In the first study, they identified 10 metabolites as potential biomarkers to diagnose infertility in oligozoospermic men. The down-regulated metabolites of acylcarnitines, aspartic acid, leucylproline and the up-regulated metabolites of adenine and methylxanthine showed a strong association with oligozoospermic risk ([@B23]).

In the second study, the urinary of idiopathic infertile men was used to identify 37 metabolites as potential biomarkers which played a major role in energy management, antioxidation and hormone organizing in spermatogenesis. They suggested combining the biomarker pattern of leukotriene E4, 3-hydroxypalmitoylcarnitine, aspartate, xanthosine and methoxytryptophan for diagnosis of deficiencies caused infertility in normospermic/ idiopathic infertile men ([@B24]).

Plasma metabolomics and male infertility:
-----------------------------------------

Recently, plasma metabolome has been subjected to the metabolomics profiling study of infertile men. Zhou et al. analyzed the plasma metabolome of the erectile dysfunction (ED) and semen abnormalities (SA) in infertile men. They identified 1,5-Anhydro-sorbitol and α-hydroxyisovaleric acid metabolites as potential biomarkers to distinguish fertile men from infertile groups. Furthermore, lactate, glutamate and cholesterol metabolites were deregulated and used to discriminate between ED and SA infertile men ([@B25]).

Zheng et al. applied GC-MS based plasma meta-bolomics profiles of infertile males with KYDS. They found 10 potential biomarkers including 1,5 Anhydroglucitol (The most important metabolite), α-Hydroxyvaleric acid, Galactose glucitol, Phenylalanine, Glutamic acid, L-Isoleucine, Phenylpropionic acid, N-acetylglycine, Ornithine and Lysine, and six metabolic pathways (Alanine, Aspartate and Glutamate metabolism, Arginine and Proline metabolism, Lysine degradation, Phenylalanine metabolism, Aminoacyl-tRNA biosynthesis, D-Glutamine and D-Glutamate metabolism) in plasma. These biomarkers can be used to distinguish infertile men with KYDS from fertile controls ([@B26]).

To the best of our knowledge, no further study has reported the use of plasma as a biological source to find potential biomarkers in infertile men.

Human sperm metabolome:
-----------------------

To the best of our knowledge, there is only one human sperm meta-bolomics study which is metabolome mapping. Paiva et al. performed the only study of the human spermatozoa metabolome. They have identified 69 endogenous metabolites. They have combined NMR and GC-MS strategies to map the metabolome of human spermatozoa. The identified metabolites belonged to amino acids, carbohydrates, lipid super class, organic acids and aliphatic acrylic compounds. Additionally, they only did a small scale metabolomics profiling of human spermatozoa between asthenozoospermia (n=3) versus normospermic (n=3) men and they could not observe any statistically significant differences ([@B27]).

Since metabolomics is still under development in the male infertility field, it would be interested to see how the metabolome level can be changed in the human spermatozoa, such as asthenozoospermia patients.

Discussion
==========

Approximately 1,000 years ago the great Persian physician, Avicenna (980--1037), wrote in his famous book "The Canon of Medicine" (1025) about observation of the abnormal appetite, the collapse of sexual functions and the sweet taste and changes in urine color caused by diabetics. Nowadays, this is known to be caused by changing in the metabolites of urine at metabolome levels. Despite the fact that the word metabolome has been defined almost 20 years, only a handful of study can be found in the field of male infertility.

It is estimated that it will take almost 7 years to find a biomarker used in next high-throughput techniques. Metabolomics is a relative new field although targeted metabolomics (Inborn Errors of Metabolism) have the history of almost 100 years. Metabolomics study of infertile men is in the first steps of research. Few studies in which human seminal plasma, urine or plasma have been used as biological sources for finding the potential biomarkers of infertile men are available.

It has been successfully shown that with different metabolomics approaches, human seminal plasma is an excellent biological material source to categorize or find a potential biomarker of infertile men. At proteome levels, it has recently been shown that the human seminal plasma contains 2,168 non-redundant proteins ([@B28]). Assuming there is approximately the same number of metabolites in the human seminal plasma, it is far from identifying the metabolites in the human seminal plasma. A search in The Human Metabolome Database (Version 3.6) shows that seminal plasma is not a popular source of metabolomics researches for investigation of male infertility disorders yet. It can be found that there are only 9 human seminal plasma metabolites identified ([@B29]). The current metabolomics study of the human seminal plasma show that less than 40 metabolites are found from human seminal plasma (not published data).

To the best of our knowledge, one of the metabolomics techniques which have not been used to investigate the male reproductive system is LC-MS. This technique will increase the identification of some metabolites from human seminal plasma.

Although the application of the metabolomics approach is new in the male infertility, it is promising to find biomarkers and their etiology. However, this technique has not been applied to clinical works or diagnosis of infertile men. This is caused by the lack of metabolomics experts/trained persons in the field of the reproductive system.

Conclusion
==========

However, current researches on seminal plasma of infertile men reveal it would be wise to suggest introducing a new parameter to semen analysis in WHO laboratory manual for the examination and processing of human semen based on metabolomics technology, e.g. metabolic fingerprinting.
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